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SrRuO 3 (SRO), a conducting transition metal oxide, is commonly used for engineering domains in BiFeO 3 . Oxide devices can be envisioned by integrating SRO with an oxide semiconductor as Nb doped SrTiO 3 (Nb:STO). Using a three-terminal device configuration, we study vertical transport in a SRO/Nb:STO device at the nanoscale and find local differences in transport which originate due to the high selectivity of SRO growth on the underlying surface terminations in Nb:STO. This causes a change in the interface energy band characteristics and is explained by the differences in the spatial distribution of the interface-dipoles at the local Schottky interface. Complex oxide heterointerfaces are of immense interest in oxide electronics and have led to the emergence of new physical phenomenon that arises due to competing energy scales involved in the interplay between the structural, charge, spin and orbital degrees of freedom.
1-4 Moreover, the possibility to control and manipulate carrier spin polarization at heterointerfaces between transition metal oxides 5, 6 and the demonstration of novel functionalities at the domain walls in multiferroic materials 7, 8 have opened new frontiers in oxide spintronics. A promising material among the complex oxides is SrRuO 3 (SRO), which apart from being metallic is also ferromagnetic (below 160 K) 9 and thus can find use both in oxide electronics and spintronics. In spite of this, not much is known about electron transport across a functional interface of SRO particularly with an oxide semiconductor as Nb doped SrTiO 3 (Nb:STO) although the physical properties of SRO films have been extensively studied. It has been reported that the surface terminating plane of the underlying substrate can influence the initial growth of the deposited SRO films and has been proposed to be an interesting approach to fabricate ordered oxide nanostructures. 10, 11 Trenches that are created in thin films of SRO are associated with a local surface termination of SrO on the Nb:STO substrate, where the initial growth of SRO is unfavorable. Regions in between the trenches are areas of TiO 2 termination where SRO film grows unhindered. In this work, we use the technique of Ballistic Electron Emission Microscopy (BEEM) [12] [13] [14] and use its local probing capabilities and high spatial resolution to investigate the differences in electron transport across SRO (8 u.c.)/Nb:STO, at regions where the local termination varies between SrO and TiO 2 . Based on the transmission of hot electrons perpendicular to the epitaxial Schottky interface of SRO/Nb:STO, we observe variations in transmission using BEEM, between the two regions; the transmission is higher on the trenches (SrO termination) and corresponds to a larger Schottky Barrier Height (SBH). At the TiO 2 terminated regions, the transmission in SRO is lower with a corresponding low SBH. Electrical characterization of the same Schottky interface reveals a unique value of the SBH with good rectification at room temperature (RT). Using Scanning Tunnelling Spectroscopy (STS), we find local variations of the surface conductivity as manifested by the differences in the local density of surface states in SRO at the trenches (region A) and outside them (region B). To understand the differences in the local energy bands at the Schottky interface we invoke the concept of interface dipole strength and show that the nature and spatial distribution of the orbitals change at the differently terminated regions-a feature that can be resolved using the high spatial resolution and local probing capabilities of the BEEM. Thus using BEEM and combining it with STS studies, we show variations in the local conductance landscape spatially as well as at buried interfaces that arises due to the differences in the growth of SRO on Nb:STO and is an interesting route to study electron transport in complex oxide devices.
BEEM (Figure 1 ) employs the tip of a Scanning Tunnelling Microscope (STM) to inject hot electrons (energy a few electron volts above the Fermi level) across a vacuumtunnelling barrier into a metallic over layer (base) which forms a Schottky interface with the semiconducting substrate (collector). The injected hot electron propagates perpendicular to the film plane and undergoes scattering in the base where the transmission exponentially decreases with the film thickness. 15, 16 After transmission, a fraction of the hot electrons reach the Metal/Semiconductor (M/S) interface and are detected as BEEM current (I B ), provided the necessary energy and momentum criteria to overcome the SBH is satisfied at that interface. The collected BEEM current (I B ) gives us local information of hot electron transport at the Schottky interface, whereas the SBH at the nanoscale can be determined using the Bell-Kaiser (BK) model. 12 Thin films of SrRuO 3 were deposited on (001) Nb doped SrTiO 3 substrates (0.01 wt. % Nb doping) using a Pulsed Laser Deposition (PLD) system. It has been recognized that a clean and well defined substrate is imperative for the growth of uniform SRO; thus, we treat the substrates using the standard chemical protocol followed by an annealing at 960 C in oxygen, for 1.5 h. 17 This protocol is carried out to 192909 (2013) of the 8 u.c. SRO film on this substrate. The growth of SRO is known to have a preference on the underlying termination in Nb:STO and observed to be faster on TiO 2 terminated regions than on SrO terminations. Such disparate growth as seen in the AFM image in Figure 2 (c) has also been marked as region A and region B corresponding to trenches along the film plane in SrO terminated regions and terraces (regions in between the trenches) corresponding to TiO 2 terminated regions, respectively. Although the growth of SRO in SrO terminated regions of the substrate (region A) is non-uniform, typical depth of such trenches are close to 2.7 nm, indicating that the thick SRO film on the TiO 2 terminated regions is $8 u.c. thick, and the thin SRO film on the SrO terminated regions is $1.5-2.5 u.c. thick. Further, the growth kinetics changes with increasing thickness of SRO, and for a 10 u.c. thin film of SRO, we observe closing of the trenches (image not shown) as vicinal surface morphology is obtained. This is in consonance with earlier reported observations. 10 Figure 2(d) shows the XRD pattern of the 10 u.c. SRO film. Only the (00h) diffraction peaks of SRO is obtained, indicating that the films have a perfect c-axis orientation. It is observed that the film is highly strained with the out-of-plane lattice parameter being 0.405 nm.
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In order to investigate the electrical transport across a Schottky interface of SRO with Nb:STO, device structures were patterned using standard UV photolithography and Ion Beam Etching (IBE). Ohmic contacts were realized by evaporating Ti/Au to the back of the Nb:STO substrate. Figure 3 shows the room temperature I-V characteristics of a 8 u.c. SRO film on Nb:STO. The rectification is as expected for a Schottky diode between a metal and an n-type semiconductor. The linear increase in current with bias as seen in the forward characteristics of the diode can be fitted with the thermionic emission model given by
The symbols have their usual meanings. 18 From the linear part of the forward characteristics of the diode, the SBH, /, was determined to be 1.15 6 0.02 eV with an ideality factor n ¼ 1.1. This indicates thermionic emission to be the dominant transport mechanism across the Schottky interface.
For the BEEM studies, as shown in Figure 1 , a large area contact to the rear of the Nb:STO semiconductor was used to collect the hot electrons after transmission through the SRO film and across the Schottky interface. All the measurements were performed at RT. The STM surface topography of a 8 u.c. SRO film, recorded at À1 V and 1 nA, is shown in Figure 4 . It is observed that the surface topography replicates the AFM image, and here too trenches and terraces are clearly visible as shown in A and B respectively. BEEM spectra (I-V) were obtained by varying the applied bias V T , while keeping the tunnel current (I T ) constant using feedback. Each spectrum is a representation of nearly 100 spectra obtained from several similar locations and from different devices. By moving the STM tip, the BEEM spectra were also recorded at different regions on each device viz. the trenches (region A) and terraces (region B). 192909 (2013) The local SBH at the different regions can be extracted from their respective I B plots using an approximation of the Bell-Kaiser model (under standard assumptions of planar tunneling, and free electron dispersion relation in STM tip and base metal) by plotting the square root of the BEEM current (I B ) versus tip bias (V T ) using
The intersect of the straight line with the voltage axis gives the local SBH, which for region A is found to be 1.27 6 0.03 eV and 1.11 6 0.03 eV for region B as shown in Figures 5(a) and 5(b) , respectively. Thus, we find local differences in the energy band alignments at the M/S interface in regions A and B. We recall that from standard currentvoltage studies, a unique value for the SBH corresponding to 1.15 6 0.02 eV was obtained (Figure 3) , which matches closely to that obtained from region B using BEEM. For the extraction of the SBH, the experimental data were fit close to the threshold (up to $200 meV above the threshold), and the error bar was determined by considering the spread of the BEEM transmission near threshold.
STS studies were also done at these local regions to gain insights into the local electronic structure of the surface of SRO. Tunnelling conductance spectra were recorded by varying V T . The feedback loop of the STM was disengaged, and the bias voltage was swept through the desired voltage range to record each spectrum. Up to 200 spectra were recorded each for regions A and B as shown in Figures 6(a) and 6(b) . From the STS spectra, the terraces are found to be more metallic than the trenches and ascribed to the increased thickness of the SRO at these locations, owing to the favourable underlying TiO 2 terminations in the substrate. From 
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Roy et al. Appl. Phys. Lett. 102, 192909 (2013) earlier reports, it is well known that the metallicity and conductance of SRO films increases with increasing thickness. 19 To understand the origin of the different transport characteristics in regions A and B, we make an analogy with the bond polarization theory of Tung 20 by invoking the interaction between the chemical bonds with the different dipoles at the local M/S interfaces. In this model, the SBH is written as
where c B is the strength of the interface dipole and expressed as
N B is the number of bonds at the M/S interface, E g is the band gap of the semiconductor, it is the dielectric screening at the interface, d M is the distance between the metal and semiconductor atoms at the interface, and j is the sum of all the hopping interactions between neighboring atoms at the interface. Such a model that takes into account the dipole density at the M/S interface has been used by Hikita et al., 21 along with polarity mismatch at the Schottky interface to explain the systematic increase in the SBH with increasing SrO coverage.
In our experiments, the trenches represent regions with underlying SrO termination as discussed earlier. Here the larger BEEM transmission is also accompanied by a higher local SBH. At the terraces (i.e., regions in between the trenches) the BEEM transmission is lower due to the increased thickness of SRO, which grows favorably on underlying TiO 2 terminated regions, with a concomitant decrease in the SBH. These differences in the SBH indicate local differences in the band alignments at the M/S interface. We know that in SRO, the Ru 4d states are split by an octahedral crystal field into t 2g and e g bands and the latter are relevant for hot electron transport in SRO. 22 The 4d 3z 2 Àr 2 orbitals in the e g bands have a different spatial distribution as compared to the d x 2 Ày 2 orbitals, 23 with the orientation of the former being along the interface and the latter parallel to the interface. This difference in spatial distribution and the local strain will influence their interaction with the interface dipoles at the local SrO and TiO 2 terminated regions in Nb:STO, with the dipole strength decreasing at the SrO terminations and giving rise to a higher SBH (as also expected from Eqs. (3) and (4)). At the TiO 2 terminated regions, the strong interaction with the 4d 3z 2 Àr 2 orbitals oriented along the interface will increase the interface dipole strength and decrease the SBH. The strong influence of the underlying substrate termination to the growth of SRO thus gets manifested as local changes in the transport characteristics, and their corresponding energy band lines up at the M/S interface which has been probed using the local probing capabilities in BEEM.
The high selectivity of SRO growth with regard to the different surface terminations at local regions of the substrate leads to local variations in the thickness of SRO which is studied using STM and STS. Using the local probing capabilities of BEEM we can capture the differences in the transport and the energy band lineups at such local regions with high spatial resolution. We ascribe this to the differences in the nature and spatial distribution of the interface dipoles at the local M/S interfaces. The ability to detect such changes in transport in buried M/S interfaces using BEEM is an interesting approach to probe transport in oxide thin films. This approach can also be extended to investigate the role of strong correlation in other complex oxide heterostructures besides characterising the transport parameters relevant for designing oxide electronic devices.
